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A3 adenosine receptor agonist potentiates
natural killer cell activity
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Abstract. Activation of the Gi-protein-coupled A3 adenosine
receptor (A3AR) has been reported to be involved in the
inhibition of tumor cell growth. A3AR is highly expressed in
tumor cells whereas lower expression was noted in a variety
of normal cells. Recently we showed that A3AR activation in
melanoma cells resulted in growth inhibition via a direct
anti-proliferative effect which entailed cell cycle arrest in the
G,/G, and down-regulation of cyclin D1 and c-Myc. In the
present study we present an additional mechanism
demonstrating that A3AR agonists activate natural killer
(NK) cells which further enhance the anti-tumor effect of this
group of molecules. NK cells mediate the natural cytotoxicity
and their number and function is reduced in cancer patients.
We show CI-IB-MECA to inhibit tumor development via the
activation of NK cells is an additional mechanism which
accounts for the anti-tumor effect of A3AR agonists. This
effect was noted at a low dose of 10 pug/kg, demonstrating
that the response is exclusively A3AR mediated. Treatment
of naive mice for four days yielded the highest effect on NK
cell potentiation. In mice inoculated with B16-F10 melanoma
cells and treated each orally with Cl-IB-MECA, melanoma
growth inhibition correlated with higher serum level of I1L-12
and potentiation of NK cells. Moreover, in adoptive transfer
experiments in melanoma bearing mice, marked inhibition of
lung metastatic foci was noted upon engraftment with
splenocytes derived from Cl-IB-MECA treated mice. Taken
together, the ability of CI-IB-MECA to inhibit tumor
development via the activation of NK cells is an additional
mechanism which accounts for the anti-tumor effect of
A3AR agonists.
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Introduction

Strategies to treat human cancers through manipulation of the
anti-tumor immune response have generated considerable
interest over the past two decades. NK cells constitute 5-15%
of circulating lymphocytes, and they have a similar frequency
in the spleen (1). NK cells mediate the natural cytotoxicity
process and are the major components of the immune
surveillance mechanism, where they recognize and kill both
infected and transformed cells. NK cells utilize several
mechanisms to lyse target cells including calcium-dependent
release of granules containing perforin (2), release of
granzymes A and B (3) and the induction of apoptosis through
afamily of death receptors (4,5).

A role for NK cells in tumor surveillance has been
postulated based on the finding that NK cells are deficient in
patients with solid tumors and leukemia (6). Clinical
observations have indicated that natural cytotoxicity is
reduced in cancer patients, possibly due to tumor volume or
dissemination. Furthermore, anti-cancer treatment (e.g.,
surgery, hormonal modulation, radiotherapy and chemo-
therapy) can also result in suppression of natural cytotoxicity
(7). The activity of NK cells from patients with malignant
melanoma was found to be decreased relative to normal
controls. This abnormality was significantly correlated with
advancing stage of disease (8). IL-12, previously designated
NK cell stimulatory factor (NKSF), mediates several biological
activities of NK cells and is thus considered to have anti-
cancer effect (9,10).

The A3AR is one out of four cell membrane receptors
which bind adenosine and are classified as A1, A2A, A2B and
A3 (11,12). Activation of A3AR, a Gi-protein cell surface
receptor, induces inhibition of adenylyl cyclase activity and
cAMP formation leading to a decreased level of the effector
PKA. Low receptor expression is a characteristic of most
normal tissues while tumor cells show high expression which
suggest this receptor as a target for the induction of tumor
growth arrest (13-15).

The synthetic A3AR agonists IB-MECA and Cl-IB-MECA,
at low concentrations (0.01-10 pM), were found to have an
inhibitory effect on melanoma cell growth in vitro (16). The
mechanism was found to involve inhibition of telomerase
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activity and cell cycle arrest in the G/G, phase leading to a
cytostatic effect (17,18). Additionally, it was found that
agonists to A3AR cause tumor growth inhibition by de-
regulating the Wnt signaling pathway resulting in down-
regulation of the cell cycle genes cyclin D1 and c-Myc. The
A3AR antagonist, MRS 1523, reversed the inhibition of cell
growth, counteracting CI-IB-MECA and IB-MECA's effect,
demonstrating that the response is ASAR mediated (19).

In a syngeneic mice model (B16-F10 melanomain C57BI/
6J mice) IB-MECA or ClI-IB-MECA inhibited tumor growth
when administered orally at low dosages (3-100 pg/kg)
(Neoplasia, Exp Cell Res, anti-cancer drugs). Interestingly,
the tumor inhibitory effect was of higher magnitude in vivo
in comparison to that seen in vitro. This observation led us to
assume that in addition to the direct anti-cancer effect of
A3AR agonists, they may act as immunomodulators and
activate NK cells.

In the present study we show that Cl-IB-MECA potentiates
the activity of NK cells in naive and tumor-bearing mice via
the induction of 1L-12 production. This was demonstrated by
direct assessment of NK cell activity ex vivo and by adoptive
transfer studies which proved the efficacy of the potentiated
NK cellsin vivo.

Materials and methods

Tumor cells. B16-F10 melanoma cells were purchased from
the American Type Tissue Culture Collection (ATCC,
Rockville, MD). Cells were maintained in RPMI medium
supplemented with 10% FBS, 200 mM glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin. Cells were transferred
to afreshly prepared medium twice weekly.

Drugs. The A3 adenosine receptor agonist 2-chloro-Neé-(3-
iodobenzyl)-adenosine-5'-N-methyl-uronamide (CI-IB-MECA)
was purchased from RBI, Sigma, USA. The compound was
dissolved in dimethylsulfoxide and then dilutions were obtained
in PBSfor thein vivo experiments.

Ex vivo NK activity. To test the activity of NK cellsin Cl-1B-
MECA treated mice, splenocytes were separated from mice
previously treated with the drug. Ex vivo NK cell activity was
tested by a standard 4 h [5'Cr]-release assay, using YAC
lymphoma cells as targets. Splenocytes (1x106) were cultured
in 96-well plates and resuspended in RPMI containing 10%
FBS. The YAC lymphoma cells were labeled with 100 pci
of Nay[51Cr]O, at 37°C for 1 h. Cells (2x10%) were then
resuspended and mixed with the effector cells at the E:T ratio
of 50:1, in avolume of 200 pl. After 4 h of incubation at 37°C
in 5% CO,, plates were centrifuged and supernatants were
counted in ay-counter (LKB).

NK cytotoxicity was calculated using the following
equation:

cpm experiment - cpm spontaneous

% lysis= x100

cpm maximal - cpm spontaneous

where spontaneous and maximal counts per minute (cpm)
were determined by measuring supernatants' cpm of target
cells (alone or in the presence of 1% SDS). The spontaneous
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release was below 10% of the maximal release throughout
the experiments.

In vivo studies. Standardized pelleted diet and tap water were
supplied for the mice used for these studies. Experiments were
performed in accordance with the guiddines established by the
Ingtitutional Animal Care and Use Committee at the Rabin
Medical Center, Petah Tikva, Isradl.

ICR male mice (Harlan Laboratories, Jerusalem, Israel)
aged 2 months, weighing an average of 20 g were used for the
in vivo activation of NK cells. CI-IB-MECA was administered
orally once daily for two consecutive days, and spleens were
withdrawn 48 h after Cl-IB-MECA's second administration
for ex vivo NK activity assay. Serum samples were collected
for evaluation of 1L-12 levels. Each group contained 5 mice
and the study was repeated 4 times.

C57BL/6J, male mice (Harlan Laboratories, Jerusalem,
Israel) aged 2 months, weighing an average of 20 g were
used for the artificial melanoma lung metastasis model. B16-
F10 melanoma cells (2.5x10%) were inoculated into mice
intravenoudy (i.v.). The control group was treated once daily
with the vehicle only, administered orally. Cl-IB-MECA at a
dose of 10 pg/kg body weight was administered orally once
daily, starting one day after tumor cells inoculation. Mice
were sacrificed after 15 days, lungs removed and black
metastatic foci were counted using a dissecting microscope.
Spleens withdrawn from the mice were tested for ex vivo NK
activity. Serum samples were collected for evaluation of [L-12
levels. Each group contained 15 mice and the study was
repeated 3 times.

Adoptive transfer experiments. Spleens were removed from
the B16-F10 melanoma bearing mice which were previously
treated orally daily with 10 pg/kg CI-IB-MECA (as
described above). For controls, splenocytes were derived from
melanoma-bearing mice treated with the vehicle only. The
splenocytes (5x10°) were injected i.v. to two groups of mice
that were inoculated with 2.5x10° B16-F10 melanoma cells
4 days earlier. Mice were sacrificed after 15 days, lungs
removed and the black metastatic foci were counted using a
dissecting microscope. Each group contained 10 mice and the
study was repeated 3 times.

IL-12 analysis in serum sapmles. Serum samples were collected
and kept at -70°C till assayed. IL-12 serum level was assessed
utilizing commercial murine ELISA kit of R&D systems,
Minneapolis, MN.

Satistical analysis. The results were statistically evaluated
using the Student's t-test. For statistical analysis, comparison
between the mean value of different experiments was carried
out. The criterion for statistical significance was p<0.05.

Results

To test the effect of Cl-IB-MECA on NK cell activity in vivo,
mice were orally treated with different dosages of ClI-1B-
MECA (10, 100 and 1000 pg/kg body weight). Splenocytes
were derived from mice and tested for NK activity utilizing the
[5'Cr]-release assay (Fig. 1). Marked increase in NK activity
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Figure 1. Cl-IB-MECA induces a stimulatory effect on NK cells activity. Cl-
IB-MECA was administered orally to mice at various dosages (10-1000 pg/kg
body weight). Maximal activity of CI-IB-MECA was observed at a dose of
10 pg/kg body weight.
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Figure 2. Cl-IB-MECA induces time kinetic response on NK cell activity.
Mice were treated orally for 2 consecutive days with Cl-IB-MECA (10 pg/kg)
(A). Serum IL-12 level in the CL-IB-MECA treated mice was evauated by
ELISA (B).

was noted at 10 pg/kg, however at 100 pg/kg a dlight response
was noted while no response was observed on 1000 pg/kg.
To examine the time kinetic effect of Cl-IB-MECA (10 pg/kg)
on NK activity, mice were treated for 2 consecutive days and
after 4, 8 and 11 days splenocytes were derived and tested for
NK activity. The results show atime-dependent response, with
high NK cell activity on day 4, reaching the control level on
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Figure 3. CI-1IB-MECA inhibits the development of melanoma. Cl-IB-MECA
inhibited the development of lung metastatic foci (A). Increased serum
levels of IL-12 was observed in Cl-1IB-MECA treated mice (B). An increased
NK cell activity was exhibited in solenocytes derived from Cl-IB-MECA
treated melanoma bearing mice in comparison to control (C).

day 11 (Fig. 2A). Anincreasein the level of the cytokine IL-12
was noted in serum samples derived from Cl-IB-MECA
treated mice (Fig. 2B).

Inhibition of lung metastatic foci development in mice
inoculated with B16-F10 melanoma cells was observed upon
daily treatment with CI-IB-MECA (Fig. 3A). In these mice,
serum 1L-12 level was 41% higher than that of the control
group (Fig. 3B). Moreover, an increase in NK cell activity was
seen in spleens derived from Cl-IB-MECA treated melanoma
bearing mice (Fig. 3C).

To further assess whether Cl-IB-MECA induces
potentiation of NK cells, adoptive transfer experiments were
performed. Splenocytes from melanoma-bearing mice (on
day 15 following tumor inoculation and daily treatment with
Cl-IB-MECA) were engrafted to mice which were inocul ated
4 days earlier with B16-F10 melanoma cells. The mice were
sacrificed on day 15 and metastatic lung foci were evaluated.
A marked inhibition of melanoma development was observed
in the group engrafted with splenocytes derived from Cl-1B-
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Figure 4. Adoptive transfer experiment. Splenocytes derived from Cl-IB-
MECA treated mice engrafted of to melanoma-bearing mice.

MECA treated mice, demonstrating the capability of Cl-1B-
MECA to induce NK cell activation (Fig. 4).

Discussion

This study presents data showing that the A3AR agonist, Cl-
IB-MECA, induces IL-12 production and NK cell activation
upon its oral administration to naive or tumor-bearing mice.

Although NK cells are capable of killing several tumor
types in vitro, progressive functional defects in NK cell
proliferation and cytolytic activity were recorded in cancer
patients (20). Possible explanation for the decreased NK
function was attributed to the presence of purine metabolites
in the tumor microenvironment, known to be released from
lysed cells and capable of inhibiting NK activity. Adenosine,
was found to exert similar suppressive effect on NK activity
by giving rise to increased adenylyl cyclase activity and
CAMP production. Elevation of intracellular cAMP resultsin
impairmed function and proliferation of NK cells (21). The
mechanism underlying the inhibitory effect of cCAMP on NK
activity includes decreased capacity of the effector cells to
conjugate to target cells and impairment of the lytic efficiency
of the NK cells (22-24). Thus, agents capable of down-
regulating CAMP activity may act as potent stimulators of NK
cells.

A3AR belongs to the family of the Gi-protein associated
cell surface receptors. High receptor expression was found in
different tumor cell lines, including Jurkat T, pineal gland,
breast cancer and melanoma cells. Receptor activation leads
to its internalization and the subsequent inhibition of adenylyl
cyclase activity, CAMP formation and protein kinase A (PKA)
expression, resulting in the initiation of various signaling
pathways (25).

It isthus reasonable that in the present study, activation of
the A3AR potentiated NK cell activity via the inhibition of
CAMP production. Interestingly, stimulation of NK cell activity
was noted only at a dose of 10 pg/kg. Based on the affinity
profile of CI-IB-MECA, at this concentration it activates
exclusively the ASAR. It may be suggested that at higher
dosages (100 and 1000 pg/kg), receptors other than A3AR
were also activated, giving rise to elevation of cAMP
production, thereby counteracting the stimulatory effect
elicited by A3AR.
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Remarkably, potentiation of NK cells upon CI-IB-MECA
trestment was a so found in melanoma bearing mice and further
confirmation to the capability of Cl-IB-MECA to induce this
effect was observed in the adoptive transfer experiments.

IL-12 isdefined as an NK stimulatory and cytotoxic factor
which exerts a potent anti-tumor effect in vivo. It induces
INF-y production by activated T and NK cells and augments
cytotoxic activity of these cells via perforin, Fas and TRAIL-
dependent mechanisms (26-29). Furthermore, 1L-12 has been
reported to exhibit anti-angiogenic activity (30). Inhibition of
IL-12 production by adenosine and some of its agonists was
previously reported. Hasko et al showed that adenosine
receptor agonists inhibited the production of IL-12 by
peritoneal macrophages with the order of potency GCS-21680
(A2AR agonist) > IB-MECA (A3AR agonist) > CCPA (A1AR
agonist) (31,32). These results suggest that A2 adenosine
receptors have a prominent role in inhibiting IL-12 production
by adenosine agonists. It should be noted that the above
described effect of IB-MECA was evident at dosages much
higher than those used in the study of Hasko et al and
administered as acute treatment, indicating that IB-MECA's
inhibitory effect was mediated via activation of the A2A
adenosine receptor. Our results show that oral administration
of low-dose Cl-IB-MECA induced increased levels of serum
IL-12, which was followed by elevated NK cell activity and
tumor growth inhibition.

Activation of the A3AR has been shown previoudly to dicit
direct inhibitory effect on melanoma cell growth in vitro
(14,16,19,33,34). The A3AR agonist IB-MECA was shown
to interfere with the Wnt signaling pathway by decreasing the
protein expression level of the effectors PK Ac and PKB/AKkt,
thereby up-regulating GSK-31 expression level resulting in
down-regulation of R-catenin, cyclin D1 and c-Myc (19).
In vivo, inhibition of tumor growth by oral treatment with
A3AR agonists was demonstrated in melanoma (16), colon
(33) and prostate carcinoma (25). Tumor lesions derived from
IB-MECA treated melanoma or prostate carcinoma-bearing
mice revealed that signaling proteins of the Wnt pathway
were modulated in the same manner as was seen in vitro (16).
Interestingly, the magnitude of the response was greater than
that shown in vitro. The results of the present study show that
an additional indirect mechanism is attributed to the anti-
tumor effect of ASAR agonists.

References

1. Kiessling R, Klein E and Wigzell H: ‘Natura’ killer cellsin the
mouse. |. Cytotoxic cells with specificity for mouse Moloney
leukemia cells. Specificity and distribution according to genotype.
Eur JImmunol 5: 112-117, 1975.

2. Podack ER: Perforin, killer cells and gene transfer immuno-
therapy for cancer. Curr Top Microbiol Immunol 198: 121-130,
1995.

3. Simon MM, Hausmann M, Tran T, Ebnet K, Tschopp J, ThaHlaR
and Mullbacher A: In vitro- and ex vivo-derived cytolytic
leukocytes from granzyme A x B double knockout mice are
defective in granule-mediated apoptosis but not lysis of target
cells. JExp Med 186: 1781-1786, 1997.

4. Wallach D, Varfolomeev EE, Malinin NL, Goltsev YV,
Kovalenko AV and Boldin MP: Tumor necrosis factor receptor
and Fas signaling mechanisms. Annu Rev Immunol 17: 331-367,
1999.

5. Bossi G and Griffiths GM: Degranulation plays an essential part
in regulating cell surface expression of Fasligand in T cells and
natural killer cells. Nat Med 5: 90-96, 1999.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21

INTERNATIONAL JOURNAL OF ONCOLOGY 23: 1245-1249, 2003

. Lotzova E: Natural killer cells: immunobiology and clinical

prospects. Cancer Invest 9: 173-184, 1991.

. Brittenden J, Heys SD, Ross J and Eremin O: Natural killer cells

and cancer. Cancer 77: 1226-1243, 1996.

. Sibbitt WL Jr, Bankhurst AD, Jumonville AJ, Saiki JH, Saiers JH

and Doberneck RC: Defects in natural killer cell activity and
interferon response in human lung carcinoma and malignant
melanoma. Cancer Res 44: 852-856, 1984.

. Golab J and Zagozdzon R: Antitumor effects of interleukin-12 in

pre-clinical and early clinical studies (Review). Int JMol Med 3:
537-544, 1999.

Wolf SF, Temple PA and Kobayashi M: Cloning of cDNA for
natural killer cell stimulatory factor, a heterodimeric cytokine
with multiple biologic effects on T and natural killer cells. J
Immunol 146: 3074-3081, 1991.

Olah ME and Stiles GL: The role of receptor structure in
determining adenosine receptor activity. Pharmacol Ther 85:
55-75, 2000.

Poulsen SA and Quinn RJ: Adenosine receptors: new
opportunities for future drugs. Bioorg Med Chem 6: 619-641,
1998.

Gess S, Varani K, Merighi S, et al: Pharmacological and bio-
chemical characterization of A3 adenosine receptors in Jurkat T
cells. Br JPharmacol 134: 116-126, 2001.

Merighi S, Varani K, Gessi S, et al: Pharmacologica and bio-
chemical characterization of adenosine receptors in the human
malignant melanoma A375 cell line. Br J Pharmacol 134:
1215-1226, 2001.

Suh BC, Kim TD, Lee JU, Seong JK and Kim KT: Pharmaco-
logical characterization of adenosine receptors in PGT-beta mouse
pineal gland tumor cells. Br J Pharmacol 134: 132-142, 2001.
Fishman P, Bar-Yehuda S, Barer F, Madi L, Multani AS and
Pathak S: The A3 adenosine receptor as a new target for cancer
therapy and chemoprotection. Exp Cell Res 269: 230-236, 2001.
Fishman P, Bar-Yehuda S and Vagman L: Adenosine and other
low molecular weight factors released by muscle cells inhibit
tumor cell growth. Cancer Res 58: 3181-3187, 1998.

Fishman P, Bar-Yehuda S, Ohana G, Pathak S, Wasserman L,
Barer F and Multani AS: Adenosine acts as an inhibitor of
lymphoma cell growth: a magjor role for the A3 adenosine
receptor. Eur J Cancer 36: 1452-1458, 2000.

Fishman P, Madi L, Bar-Yehuda S, Barer F, Del Vale L and
Khdlili K: Evidence for involvement of Wnt signaling pathway in
IB-MECA mediated suppression of melanoma cells. Oncogene
21: 4060-4064, 2002.

Miller JS: The biology of natural killer cellsin cancer, infection,
and pregnancy. Exp Hematol 29: 1157-1168, 2001.

Miller JS, Cervenka T, Lund J, Okazaki 1J and Moss J: Purine
metabolites suppress proliferation of human NK cells through a
lineage-specific purine receptor. J Immunol 162: 7376-7382,
1999.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

1249

Ullberg M, Jondal M, Lanefelt F and Fredholm BB: Inhibition of
human NK cell cytotoxicity by induction of cyclic AMP depends
on impaired target cell recognition. Scand J Immunol 17: 365-373,
1983.

Roder JC and Klein M: Target-effector interaction in the natural
killer cell system. IV. Modulation by cyclic nucleotides. J
Immunol 123: 2785-2790, 1979.

Chun M, Krim M, Granelli-Piperno A, Hirst JA and
Hoffmann MK: Enhancement of cytotoxic activity of natural
killer cells by interleukin 2, and antagonism between interleukin
2 and adenosine cyclic monophosphate. Scand J Immunol 22:
375-381, 1985.

Fishman P, Bar-Y ehuda S, Rath-Wolfson L, Ardon E, Barrer F,
Ohaion A and Madi L: Targeting the A3 adenosine receptor for
cancer therapy: Inhibition of prostate carcinoma cell growth by
A3AR agonist. Anticancer Res (In press).

Chung F: Anti-inflammatory cytokines in asthma and allergy:
interleukin-10, interleukin-12, interferon-gamma. Mediators
Inflamm 10: 51-59, 2001.

Y amamoto K, Shibata F, Miyasaka N and Miura O: The human
perforin gene is a direct target of STAT4 activated by IL-12 in
NK cells. Biochem Biophys Res Commun 297: 1245-1252,
2002.

Lee SW, Park Y, Yoo JK, Choi SY and Sung Y C: Inhibition of
TCR-induced CD8 T cdll death by IL-12: regulation of Fasligand
and cellular FLIP expression and caspase activation by 1L-12. J
Immunol 170: 2456-2460, 2003.

Smyth MJ, Cretney E, Takeda K, et al: Tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) contributes to
interferon gamma-dependent natural killer cell protection from
tumor metastasis. J Exp Med 193: 661-670, 2001.

Strasly M, Cavallo F, GeunaM, Mitola S, Colombo MP, Forni G
and Bussolino F: IL-12 inhibition of endothelial cell functions
and angiogenesis depends on lymphocyte-endothelial cell cross-
talk. JImmunol 166: 3890-3899, 2001.

Hasko G, Kuhel DG, Chen JF, et al: Adenosine inhibits IL-12
and TNF-o production via adenosine A, receptor-dependent
and independent mechanisms. FASEB J 14: 2065-2074, 2000.
Hasko G, Nemeth ZH, Vizi ES, Sazman AL and Szabo C: An
agonist of adenosine A; receptors decrease interleukin-12 and
interferon-y production and prevents letality in endotoxemic
mice. Eur J Pharmacol 358: 261-268, 1998.

Fishman P, Bar-Yehuda S, Madi L and Cohn I: A3 adenosine
receptor as a target for cancer therapy. Anticancer Drugs 13:
437-443, 2002.

Merighi S, Mirandola P, Milani D, et al: Adenosine receptors
as mediators of both cell proliferation and cell death of cultured
human melanoma cells. J Invest Dermatol 119: 923-933, 2002.



